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Edited by Richard CogdellAbstract In the ﬁnal stage of bacteriochlorophyll (BChl) bio-
synthesis, the presence of BChl-a molecules possessing dihydro-
geranylgeranyl and tetrahydrogeranylgeranyl groups at the
17-propionate has been reported. However, the molecular struc-
tures of such BChls-a have not yet been determined in terms of
the positions of C‚C double bonds in the 172-ester. In this
study, we isolated signiﬁcant amounts of such pure BChls-a from
Rhodopseudomonas palustris and determined their structures by
both mass spectrometry and 1H and 13C NMR spectroscopy.
The determined structures enable us to discuss a stepwise reduc-
tion from a geranylgeranyl to phytyl substituent.
 2006 Federation of European Biochemical Societies.
Published by Elsevier B.V. All rights reserved.
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All the naturally occurring chlorophyll (Chl) pigments have
a propionate-type ester group at the 17-position except most
Chls-c. In general, Chl-a (see Fig. 1(a)) found in oxygenic
phototrophs and bacteriochlorophyll (BChl)-a (see Fig. 1(b))
in anoxygenic photosynthetic bacteria have a phytyl group
as their ester group R in Fig. 1 [1,2]. Such (B)Chl molecules
are biosynthesized in photosynthetic organisms and function
in light-harvesting and reaction center complexes. The esterify-
ing substituent is not directly conjugated with the p-system in
(B)Chl molecules and does not aﬀect the electronic-absorption
spectra of their monomeric states. As a result, the moiety has
attracted less attention in comparison with other peripheral
substituents, although it constitutes about 30% of the weight
of a molecule [2,3].Abbreviations: BChl, bacteriochlorophyll; Chl, chlorophyll; DHGG,
dihydrogeranylgeranyl; THGG, tetrahydrogeranylgeranyl; GG, gera-
nylgeranyl; Phy, phytyl; Rps, Rhodopseudomonas; Rba, Rhodobacter;
APCI, atmospheric pressure chemical ionization; COSY, correlation
spectroscopy; ROESY, rotating frame Overhauser enhancement spec-
troscopy; DEPT, distortionless enhancement polarization transfer;
HMQC, heteronuclear multiple-quantum coherence; HMBC, hetero-
nuclear multiple–bond correlation
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doi:10.1016/j.febslet.2006.11.020At the ﬁnal stage of (B)Chl biosynthesis, except for most
Chls-c, (bacterio)chlorophyllides (R = H in Fig. 1) possessing
a carboxy group at the 172-position are esteriﬁed with various
long hydrocarbon chains [4–6]. In oxygenic phototrophs, chlo-
rophyllide-a is esteriﬁed with geranylgeranyl (GG) diphos-
phate by a Chl synthase (ChlG) to give geranylgeranylated
Chl-a, and successive hydrogenation of three of its four
C‚C double bonds by a GG reductase (ChlP) yields phyty-
lated Chl-a via the intermediates possessing a dihydrogeranyl-
geranyl (DHGG) 1 and tetrahydrogeranylgeranyl (THGG) 1
ester (see Scheme 1). In the alternative pathway, GG diphos-
phate is ﬁrst reduced and the resulting phytyl (Phy) diphos-
phate reacts with chlorophyllide-a by a Chl synthase to give
phytylated Chl-a. The actual biosynthetic pathway has not
yet been determined: whether the hydrogenation occurs before
or after esteriﬁcation, or both. For the molecular structures of
the above intermediates, the positions of two C‚C double
bonds in a THGG group were proposed on the basis of the
mass spectrometric analysis of its decomposed products to
be C2‚C3 and C14‚C15 [7]. On the other hand, the structure
of a DHGG group has not yet been identiﬁed, but successive
hydrogenation as mentioned above supported the idea that
either C6‚C7 or C10‚C11 double bond of a GG group
should ﬁrst be reduced.
In anoxygenic photosynthetic bacteria [4,5], it has been be-
lieved that reduction of a GG group occurred in the same man-
ner as during Chl-a biosynthesis (vide supra). From some
batch cultures of purple photosynthetic bacteria, BChls-a
esteriﬁed with a GG, DHGG or THGG group in addition to
major phytylated BChl-a were detected in at most 4% of total
BChl-a component by HPLC [6,8,9]. However, the molecular
structures of the DHGG- and THGG-type components have
not been fully determined: these esters were only speculated
on the basis of GC–MS analysis of their cleaved alcohols [8],
but the positions of C‚C double bonds have not been con-
ﬁrmed in either of the esters. Therefore, the two pathways
shown in Scheme 1 (labeled as routes I and II) should be con-
sidered as the ﬁnal stage of (B)Chl biosynthesis. It is necessary
to determine their structures to extend our knowledge on the
ﬁnal stage of (B)Chl biosynthesis. In this study, we isolated1There are two ways for nomenclature of the 17-propionate in (B)Chls.
One is based on fully saturated phytanyl and the other is based on
unsaturated geranylgeranyl. In the present manuscript, the latter
nomenclature is used as in 6,7-dihydrogeranylgeranyl and 6,7,10,11-
tetrahydrogeranylgeranyl, which are corresponding to D2,10,14-phytat-
rienyl and D2,14-phytadienyl, respectively.
blished by Elsevier B.V. All rights reserved.
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Fig. 1. Molecular structures of Chl-a in oxygenic phototrophs (a) and
BChl-a in anoxygenic photosynthetic bacteria (b). Replacement of the
substituent R by a hydrogen atom gives (bacterio)chlorophyllide-a.
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Scheme 1. Stepwise reduction of a geranylgeranyl to phytyl group at
the ﬁnal stage of (B)Chl biosynthesis. XOH represents either (bacte-
rio)chlorophyllide-a or diphosphate.
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THGG substituent from full-growth cultures of a purple pho-
tosynthetic bacterium, Rhodopseudomonas (Rps.) palustris, and
determined their molecular structures (positions of double
bonds) by means of both mass spectrometry and 1H and 13C
NMR spectroscopy without ambiguity.2. Materials and methods
2.1. Culturing of purple photosynthetic bacteria
Rps. palustris strain Rits from our culture collection and Rhodob-
acter (Rba.) sphaeroides 2.4.1 were grown on agar plate of PYS med-
ium [10], and each single clone was used for this study. These
bacteria were cultured anaerobically at 30 C with a usual light inten-
sity of 30 lE m2 s1 in the liquid PYS medium. About 125 g of wet
cells of Rps. palustris were harvested from 30 l of the full-growth cul-
ture and used for the isolation of BChl-a components.
2.2. Determination of the compositions of BChls-a in the cells
BChls-a were extracted from the cultured wet cells of Rps. palustris
and Rba. sphaeroides as follows. A mixture of acetone and methanol
(9:1 (v/v)) was added to the above cells, and mixed using a vibrator.
A mixture of petroleum ether and diethyl ether (1:1 (v/v)) and then dis-
tilled water were added to transfer the BChls-a component to the ether
layer for collection. The ether containing BChl-a components was
evaporated to dryness by a stream of nitrogen. The extract thus
obtained was dissolved in methanol for LC-MS analysis. The LC-MS
of the extracted BChls-a was performed using a Shimadzu LCMS-
2010EV system (Shimadzu, Kyoto, Japan) comprising a liquid chro-
matograph (SCL-10Avp system controller, LC-10ADvp pump and
SPD-M10Avp photodiode-array detector) and a quadrupole mass
spectrometer equipped with an atmospheric pressure chemical ioniza-tion (APCI) probe. HPLC was performed using reverse-phase chroma-
tography under the following conditions: column, Cosmosil 5C18-AR-
II (3.0 · 150 mm, Nacalai Tesque, Kyoto); eluent, 7.5% (v/v) H2O in
methanol; ﬂow rate, 0.5 ml min1; and detection wavelength,
375 nm. MS conditions were as follows: resolution, ±0.15 Da; capillary
temperature, 250 C; APCI vaporizer temperature, 400 C; ionization
voltage, 4.5 kV; sheath gas ﬂow, 2.5 l min1; and drying gas pressure,
0.02 MPa. In order to determine the amount of each BChl-a, the area
of each peak in the HPLC elution proﬁle was used at the above detec-
tion wavelength. Here, we assumed that each BChl-a had the same
value of molecular extinction coeﬃcient in the eluent.2.3. Isolation and structural determination of each BChl-a
The pigment components were extracted from the wet cells (125 g)
of Rps. palustris as mentioned above. The residue was dissolved in a
mixture of 2-propanol and hexane (1:9 (v/v)), and then loaded onto
a Sepharose CL-6B column (30 · 150 mm, 2-propanol:hexane, 1:9 (v/
v) as eluent) to remove undesirable components including carotenoids
[11]. Each BChl-a component was isolated and puriﬁed under the fol-
lowing HPLC conditions: column, Cosmosil 5C18-AR-II
(10 · 250 mm); eluent, 5% (v/v) H2O in methanol; ﬂow rate,
3.0 ml min1; detection wavelength, 415 nm. BChls-a possessing a
GG, DHGG, THGG or Phy substituent were isolated in 14.9, 6.8,
17.7 and 56.8 mg, respectively. The 600 MHz 1H NMR and
150 MHz 13C NMR spectra of each BChl-a were recorded in chloro-
form-d (Merck, Darmstadt, Germany) containing 1% (v/v) pyridine-
d5 (Cambridge Isotope Laboratories, MA, USA) using a JEOL
ECA-600 NMR spectrometer (JEOL, Akishima, Japan); tetramethylsi-
lane was used as an internal standard. A set of assignments of 1H sig-
nals was obtained by correlation spectroscopy (COSY) and rotating
frame Overhauser enhancement spectroscopy (ROESY) spectra. A
set of assignments of 13C signals was obtained using distortionless
enhancement polarization transfer (DEPT), heteronuclear multiple-
quantum coherence (HMQC) and heteronuclear multiple-bond corre-
lation (HMBC) spectra.3. Results
3.1. Molecular structure of BChl-a and stepwise reduction from
GG to Phy
Fig. 1 depicts the molecular structures of (B)Chl-a. Replace-
ment of the substituent R in (B)Chl-a by a hydrogen atom
gives (bacterio)chlorophyllide-a. Scheme 1 depicts stepwise
reduction from a geranylgeranyl to phytyl group. Here,
XOH represents either (bacterio)chlorophyllide-a or diphos-
phate. Hydrogenation of one (two) of four C‚C bonds in
GG gives DHGG (THGG). Since the positions of C‚C dou-
ble bonds in DHGG and THGG have not been determined,
the two pathways (labeled routes I and II in Scheme 1) could
be proposed in terms of the ﬁnal stage of (B)Chl-a biosynthe-
sis.3.2. Identiﬁcation of BChls-a in the cells of Rps. palustris
Fig. 2 shows representative HPLC elution proﬁles for the ex-
tracts from full-growth cells of Rps. palustris (a) and Rba. sph-
aeroides (b). According to the previous reports on the
accumulation of several BChl-a molecules in purple bacteria
[5,9], the major peak (BChl-a #4) is ascribed to phytylated
BChl-a and the other three minor components (BChls-a #1
to #3) are tentatively assigned as BChls-a esteriﬁed with GG,
DHGG and THGG in order of elution. The latter three
BChls-a made up 29.3% and 6.2% of total BChls-a in Rps.
palustris and Rba. sphaeroides, respectively. Although the
BChl-a composition was dependent on culturing conditions,
the four BChls-a were always found in the set of elution pro-
ﬁles [J. Harada et al., unpublished].
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Fig. 2. HPLC proﬁles of the extracts from full-growth cells of Rps.
palustris (a) and Rba. sphaeroides (b) (see Section 2.2) The inserts show
the electronic-absorption spectra of the cells in 10 mM Tris–HCl (pH
8.0) containing 150 mM NaCl.
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BChl-a molecules by LC-MS analysis (see Figure S1 in Sup-
porting Information for the total-ion-chromatogram and mass
spectra). Table 1 lists the results of mass spectrometry of
BChls-a #1 to #4. The molecular-ion and the fragment ions
can be used to identify each BChl-a component. BChls-a #1
to #4 gave peaks at m/z = 905.5, 907.4, 909.4 and 911.4, corre-
sponding to their protonated forms ([MH]+). The peak at
911.4 for the major BChl-a #4 in both bacteria is consistent
with that of protonated BChl-a esteriﬁed with Phy (calcd. for
911.56). The peaks for BChls-a #1, #2 and #3 were smaller
than that of BChl-a #4 by 5.9, 4.0, 2.0 Da, respectively. These
results indicate that #1 to #3 are assigned to BChls-a esteriﬁed
with GG, DHGG and THGG, respectively. Furthermore, they
also had the identical fragment ions at m/z = 633.1–633.2 due
to the loss of the corresponding esterifying groups, to be as-
signed to bacteriochlorophyllide-a. Thus, the 2.0 Da diﬀer-
ences among the [MH]+ BChls-a is ascribed to a diﬀerence in
the esters. The present assignment is consistent with that re-
ported previously [8].Table 1
APCI-mass spectrometric data of BChls-a from full-growth cells of
Rps. palustris
HPLC
peak #
Observed peaks Calcd.
for MH
Esterifying
group (R)
Molecular-ion Fragment
1 905.5 633.1 905.51 GG
2 907.4 633.2 907.52 DHGG
3 909.4 633.1 909.54 THGG
4 911.4 633.1 911.56 Phy3.3. Structural determination of propionate-type esters in BChls-
a by means of NMR spectroscopy
For the structural determination of the 17-propionate ester
substituents in BChls-a, we present NMR data for the substit-
uents. The NMR spectra of phytylated BChl-a including 13C
NMR are available in the literature [12]. Fig. 3 presents partial
1H NMR spectra of four diﬀerent BChls-a, showing the re-
gions where 1H signals of the esterifying alcohols occur. In
Fig. 3(a), four, three, two and one (from top to bottom) ole-
ﬁnic proton signals can be clearly observed. These correspond
to the number of C‚C double bonds in the esters.
Another marked diﬀerence in the 1H NMR spectra was ob-
served in the signals from the methyl branches in the esters as
shown in Fig. 3(b). BChl-a #1 (at the top of Fig. 3(b)) shows
only ﬁve singlet methyl peaks at 1.5–1.7 ppm and no doublet
(higher-ﬁeld shifted) methyl peak around 0.8 ppm. This indi-
cates that all the methyl branches in BChl-a #1 are attached
to the quaternary (oleﬁnic, sp2) carbon atoms. In contrast,
BChls-a #2 to #4 give four, three and one singlet methyl peak
and also one, two and four doublet methyl peaks, respectively.
The presence of the doublet methyl peaks in BChls-a #2 to #4
indicates that these branched methyl groups are attached to
the tertiary (saturated, sp3) carbon atoms. These observations
also support that BChls-a #1 to #4 have GG, DHGG, THGG
and Phy groups.
In order to determine the positions of C‚C double bonds in
a DHGG and THGG group, we applied 2D NMR spectros-
copy. The DEPT spectra using 90 and 135 pulses were also
used to diﬀerentiate the primary, secondary, tertiary and qua-
ternary carbon atoms, and to conﬁrm the assignments of 13C
signals (see Figures S2–5 in Supporting Information for the
DEPT spectra of BChls-a #1 to #4). Fig. 4 indicates the corre-
lations which were found in COSY, ROESY and 1H–13C
HMBC spectra, although the correlations in the central part
of the esters could not be observed. The types of carbon atom
diﬀerentiated by DEPT spectra are also indicated in the paren-
thesis. These correlations in 2D NMR and the diﬀerentiated
carbon atom types were used to establish the structures of
DHGG and THGG groups, starting from the unambiguously
assigned C173(‚O) and 15-CH3/16-H3 signals. The presence
of C2‚C3 double and C6–C7 single bonds in both the esters
was identiﬁed by the following sequential correlations:
C173(‚O)M 1-H2M 2-HM 4-H2M 5-H2M 6-H2M 7H. The
positions of branched methyl groups, 3-CH3 and 7-CH3, were
also conﬁrmed by the correlations C3M 31-H3M C4 and
C7M 71-H3M C8. Similarly, the presence of C14‚C15
double bond in both esters was identiﬁed by the correlations
151-H3M 14-HM 13-H2M 12-H2 and 16-H3M 14-H. Final-
ly, the presence of the C10‚C11 double bond in DHGG
and C10–C11 single bond in THGG was determined from
the correlations C12(s)M 111-H3M C11(q)M 10-HM 9-H2
and C12(s)M 111-H3M C11(t)/C10(s), respectively. Thus, the
positions of C‚C double bonds are established unambigu-
ously as C2‚C3, C10‚C11 and C14‚C15 in DHGG and
C2‚C3 and C14‚C15 in THGG as shown in route I of
Scheme 1. (The values of the 13C-chemical shifts of the ester
substituents in BChls-a #1 to #4 are summarized in Table S1
in Supporting Information.)
Fig. 4 also indicates NOE correlations in ROESY spectra.
They were used to establish the molecular conﬁgurations of
the tri-substituted oleﬁns in DHGG and THGG. E-Conﬁgura-
tion of the C2‚C3 double bond (trans in C1AC2‚C3AC4) in
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Fig. 3. Partial 1H NMR spectra of BChls-a possessing diﬀerent 17-propionate substituents. Spectra recorded in chloroform-d containing 1% (v/v)
pyridine-d5. Panels (a) and (b) depict the regions of oleﬁnic and methyl protons in the esters, respectively. Characteristic signals in the esters are
labeled. The numbering corresponds to that in Scheme 1.
Fig. 4. Observed 2D-NMR correlations in DHGG (a) and THGG (b). Closed and opened arrows indicate proton and carbon atoms, respectively.
The numbering corresponds to that in Scheme 1. Primary, secondary, tertiary and quaternary carbon atoms diﬀerentiated by DEPT spectra are
indicated by p, s, t, and q, respectively, in the parenthesis.
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H2M 3-CH3 and 2-HM 4-H2. Similarly, E-conﬁguration of
the C10‚C11 double bond in DHGG was identiﬁed. The ste-
reochemistry of the chiral 7- and/or 11-carbons in DHGG and
THGG could not be determined in this study. However, by
analogy with the chiral carbons of the well-deﬁned phytyl sub-
stituent, R-conﬁguration is expected at all of these positions on
the basis of successive hydrogenation from a GG to Phy
group.4. Discussion
We would like to discuss possible mechanisms of (B)Chl bio-
synthesis on the basis of the determined structures of BChl-a
intermediates. Scheme 1 shows the ﬁnal stage of (B)Chl bio-
synthesis. The positions of C‚C double bonds in DHGG
and THGG clearly indicate that the stepwise reduction of
GG to form the Phy group occurs in the following order:
C6‚C7ﬁ C10‚C11ﬁ C14‚C15. Therefore, route I, not
6648 T. Mizoguchi et al. / FEBS Letters 580 (2006) 6644–6648II, shown in Scheme 1 is conﬁrmed as the ﬁnal stage of BChl-a
biosynthesis in anoxygenic photosynthetic bacteria. The posi-
tions of the C‚C double bonds in THGG were identical to
those estimated in Chl-a (C2‚C3 and C14‚C15), although
the molecular structure of DHGG in Chl-a was speculated
[7]. These results strongly suggest that the sequential and un-
branched hydrogenation steps in both oxygenic phototrophs
and anoxygenic photosynthetic bacteria were identical to each
other.
The inset panels in Fig. 2 show the electronic-absorption
spectra of full-growth cultures of Rps. palustris and Rba. sph-
aeroides grown at the usual light intensity, 30 lE m2 s1. In
Rps. palustris, the shape of near infrared absorption bands is
markedly diﬀerent from that of Rba. sphaeroides. Such a diﬀer-
ence is expected, since the type and/or amount of peripheral
antennae synthesized by the former organism were reported
to be dependent upon culturing conditions: in Rps. palustris,
spectrally diﬀerent types of peripheral antennae have been iso-
lated from high- and low-light-growth cells [13,14], and exhib-
ited diﬀerent ratios of BChl to carotenoid and composition of
polypeptides [15]. However, there is no information available
on the composition of BChl-a molecules possessing diﬀerent
propionate esters. When the present Rps. palustris was cultured
under high(low)-light-intensity, the accumulation of BChl-a
intermediates increased (decreased) (data not shown). There-
fore, the BChl-a intermediates esteriﬁed with GG, DHGG or
THGG function as photoactive pigments but are not degrada-
tion products. The 17-propionate substituent may play an
additional role in regulation of the type and/or amount of
peripheral antennae in organisms. A study on determination
of the composition of BChl-a intermediates in isolated pig-
ment-protein complexes is now in progress. Since BChl-a mol-
ecules can be easily modiﬁed to Chl-type analogs including
Chl-a and Chl-d [16–19], the present Rps. palustris, which accu-
mulates BChl-a intermediates at about 30 % of total BChl-a
component, would be useful for the provision of the interme-
diates to investigate the ﬁnal stage of Chl biosynthesis in oxy-
genic phototrophs.
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